Background--Obesity and its association with reduced life expectancy are well established, with cardiovascular disease as one of the major causes of fatality. Metabolic surgery is a powerful intervention for severe obesity, resulting in improvement in comorbid diseases and in cardiovascular risk factors. This study investigates the relationship between metabolic surgery and long-term cardiovascular events.
T here has been an alarming slowing in the decline trajectory for cardiovascular disease (CVD) mortality rates in the last 5 years, attributed in large part to the substantial increases in the prevalence of obesity and diabetes mellitus. 1 The pathophysiology of obesity-related CVD is felt to be rooted in altered adipose tissue function, which develops with caloric excess in genetically and environmentally predisposed individuals. An altered adipose tissue secretory profile results in a low-grade inflammatory state, poorly regulated lipolysis, and ectopic lipid deposition, which predispose to metabolic dysfunction and additional disease burden. [2] [3] [4] Metabolic dysfunction leads to hypertension, type II diabetes mellitus, and dyslipidemias, which are known cardiovascular and coronary disease risk factors. In addition, the states of chronic inflammation and metabolic dysfunction result in altered endothelial homeostasis, which establishes a pro-atherogenic phenotype in the endothelium termed endothelial dysfunction. 5 Weight loss achieved by any method will improve cardiovascular risk and reverse the abovementioned pathophysiologic sequence. 6 The shortcomings of diet and other lifestyle modifications have led to the emergence of metabolic surgery, which is recognized as the most effective option for achieving significant and lasting weight control. Investigations into the mechanisms of cardiovascular protection afforded by metabolic surgery have revealed a reduction in markers of inflammation and thrombosis, 7-9 restoration of more favorable adipokine secretory profile, 7, 10 improved endothelial function, [10] [11] [12] [13] reduction in cardiovascular risk factors, 14, 15 restoration of normal metabolism, 16 and improvements in cardiac structure and function. 17 While there is substantial evidence demonstrating that surgical weight loss reduces a number of CVD risk factors, the clinical evidence that metabolic surgery results in improved cardiovascular outcomes is more limited. While prior studies have demonstrated the protective effects of metabolic surgery on cardiovascular events, these studies have been limited by short follow-up, the evaluation of surgical procedures that have since been replaced by more effective options, and the absence of an appropriate comparison group. [18] [19] [20] [21] [22] [23] The purpose of this study is to investigate the effects of Roux-en-Y gastric bypass (RYGB) surgery on longterm CVD in a large clinical population with long-term followup, using strict matching criteria.
Methods
This is a retrospective longitudinal cohort study utilizing a prospective surgical registry with linkage to clinical information provided by the electronic health record of Geisinger Health System, a large integrated health system. 
Control Selection
The Geisinger Health System primary care cohort was used to identify a set of nonsurgical controls. Potential controls (n=26 946) were active in the Geisinger primary care system (3+ office visits over >2-year period) without CVD, age 18 to 80, meeting BMI and comorbidity criteria for eligibility for bariatric surgery (BMI >40 or >35 kg/m 2 with comorbidity of diabetes mellitus, hypertension, hyperlipidemia, or sleep apnea), no prior history of bariatric surgery, no diagnosis of serious mental health disorder or illegal drug use, and sufficient data available to calculate predicted 10-year risk of CVD using the Framingham Risk Score. 25 The 2420 RYGB patients were individually matched to the eligible nonsurgical controls by age (AE1 year), BMI (within 3 kg/m 2 ), sex, Framingham Risk Score (10-year risk of CVD within AE1%), smoking history (ever/never), use of antihypertension medication (yes/no), diabetes mellitus status (yes/ no), and active status in a primary care clinic without preexisting CVD at the time of the corresponding matched patient's surgery. If >1 control was available, the matched control was randomly selected.
Definition of Severe CVD
The primary outcome for this study was time until a severe CVD event defined as development of myocardial infarction
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What Is New?
• For patients with severe obesity, treatment with Roux-en-Y gastric bypass, when compared with nonsurgical management, is associated with reduced cardiovascular risk, and lower long-term risk of congestive heart failure.
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• In comparison with nonsurgical management of patients with severe obesity, Roux-en-Y gastric bypass may improve long-term cardiovascular outcomes.
(MI, ICD9 410), congestive heart failure (CHF, ICD9 428), or stroke (ICD9 430-434 
Statistical Methods
Characteristics of the case and control cohorts were compared using 2-sample tests or Wilcoxon rank sum test for continuous data and v 2 tests for categorical data. Comparisons were made between items that were included in the matching criteria (eg, age, BMI, 10-year CVD risk), other items in the Framingham Risk Score but not used in the matching (eg, systolic blood pressure, cholesterol level, HDL level), and other clinically relevant patient characteristics (eg, race/ ethnicity, diastolic blood pressure, use of statins). KaplanMeier analysis was used to evaluate time until composite severe CVD, time until stroke, time until MI, and time until CHF. The sum of the subtypes of cardiovascular events was greater than the composite total because some individuals experienced more than 1 subtype of cardiovascular event. The Kaplan-Meier curves were compared between cases and controls using log-rank tests. Cox regression was used to calculate unadjusted and adjusted hazard ratios (HR) with 95% CI for time until severe CVD, stroke, MI, and CHF. This analysis was conducted to determine whether residual confounding remained when adjusted for variables not included within the matching criteria. The proportional hazards assumption was tested and confirmed before Cox modeling. As a secondary analysis, changes from baseline to 5 years after surgery in 10-year CVD risk (using Framingham Risk Score 25 ), cholesterol level, HDL level, systolic blood pressure, and BMI were compared between RYGB cases and controls using repeated-measures linear regression. This analysis was limited to the subset of matched cases/controls with sufficient data to calculate at least 1 postsurgery Framingham risk score in the respective case and control. Similarly, the rate of diabetes mellitus remission after surgery, defined as hemoglobin A1c <6.5 without hypoglycemic therapy for 1 year, was compared between RYGB diabetic cases and diabetic controls using Kaplan-Meier analysis and log-rank test. SAS version 9.4 was used for statistical analysis.
Results
Of the 2420 eligible RYGB cases, a matched control was identified for 1724 (71%) (Figure 1 ). In comparison with the 696 RYGP cases that did not have a match, the 1724 were older, had a lower percentage of males, had a lower BMI, had less diabetes mellitus, had a lower 10-year CVD risk score, and had a lower percentage of smokers (Table S1 ). The characteristics of the RYGB cases and controls were similar for items within the matching criteria and for Framingham Risk Score components (Table 1) . Race and use of statins were similar between the groups but diastolic blood pressure tended to be higher in the control group. The median followup time for cases was 5.8 years (range 0.1-12.0) and 6.7 years for controls (range 0.5-12.6). The total number of composite severe CVD events was 63 in the RYGB group and 110 in the control group. Kaplan-Meier analysis indicated that the percent of RYGB patients with severe CVD was 0.4% at 1 year, 1.5% at 3 years, 2.3% at 5 years, and 4.8% at 8 years after surgery (Figure 2) . These rates were similar to those found in the control group at 1 year (0.3%) but were lower than the control group at 3+ years after surgery (2.4% at 3 years, 4.4% at 5 years, and 8.4% at 8 years after surgery, log-rank P=0.017). When considering each subtype of severe composite CVD individually, the number of patients with stroke, MI, and CHF was 31, 12, and 24 in the RYGB group and 49, 17, and 55 in the control group. The Kaplan-Meier estimated rates in the RYGB group were lower than the control group ( Figure 3 ) but was only significant for CHF (P=0.0077).
In an unadjusted Cox regression model, the severe composite CVD risk differences between RYGB and control translated into a HR of 0.69 (95% CI =0.50-0.94, Table 2 ). Adjusted Cox regression modeling indicated that the effect of RYGB on severe CVD remained significant and strengthened after adjusting for additional patient characteristics ( Table 2, HR=0.58, 95% CI=0.42-0.82). A similar result was found for CHF. In adjusted analysis, the effect of RYGB on stroke and MI remained not statistically significant. For the secondary analysis, a subset of 894 matched cases and controls had at least 1 Framingham Risk Score available during the follow-up period. Statistical comparisons of demographic, ethnic, and clinical characteristics of the RYGB and control cohorts in the secondary analysis are available in Table S2 . For these 894 matches, improvements in 10-year CVD risk, total cholesterol level, HDL level, and systolic blood pressure were higher in the RYGB group (P<0.0001 for each, Figure 4A through 4D) . For the subset of diabetic patients (n=486 per group, Table S3), the rate of diabetes mellitus remission (1 year with A1c <6.5) was greater in the RYGB group than in the control group (66.1% versus 4.8% at 3 years after surgery, log-rank P<0.0001, Figure 4E 
Discussion
Our study found that individuals undergoing RYGB surgery are at nearly half the risk of a severe cardiovascular event 8 years 21 Scott and colleagues reported a longterm benefit of surgery on hospitalization and death from MI and stroke among a subgroup of metabolic surgery patients with type II diabetes mellitus. 19 The Swedish Obesity Study reported fewer cardiovascular fatalities (HR=0.47) and fewer cardiovascular events (MI or stroke, HR=0.67) after bariatric surgery; however, 68.1% of surgeries were vertical banded gastroplasty, a surgical procedure that has largely been replaced by newer and more effective bariatric surgery procedures. 20 Our study expands on the findings of these prior studies, demonstrating a long-term cardiovascular benefit of RYGB surgery in a surgical population that included patients with and without type II diabetes mellitus. Our findings are also consistent with studies of metabolic surgery and cardiovascular mortality. Adams reported a 56% reduction in deaths caused by coronary artery disease, with a mean follow-up of 7.1 years. 18 While reduced mortality is an important outcome, individuals living with CVD and recovering from severe cardiovascular events frequently suffer from poor quality of life, lost productivity, and high medical costs. 26 We report a 45% reduction in the risk of major cardiovascular events (composite of MI, stroke, and CHF). Our study thus provides new understanding of the impact of metabolic surgery on these highly burdensome CVD outcomes. We are currently in the process of compiling our longitudinal comparative mortality results broken down by individual causes of mortality and hypothesize that the differential cardiovascular mortality rates will be consistent with our measured cardiovascular events. A strong association between obesity and CHF, 27 the adverse effects of obesity on myocardial structure and function, 28 and the adverse effects of obesity on blood vessel homeostasis [7] [8] [9] [10] [11] [12] [13] [14] 29 have been reported previously.
These effects are consistent with our finding of a significant reduction in CHF after metabolic surgery. In this study, CHF risk reduction appeared to be the primary driving force for the overall composite cardiovascular event risk reduction. MI and stroke risk were lower after metabolic surgery, but these findings were not statistically significant. This nonsignificant finding may be partially explained by previous research suggesting that the association between BMI and MI/stroke may not be as strong as its association with CHF. 30 In addition, the inclusion of only those individuals with no prior history of prior CVD likely limited the number of stroke and MI events, thus rendering the study underpowered to identify a statistically significant risk reduction for stroke and MI. The longitudinal analysis of individual cardiovascular risk factors after bariatric surgery confirms the beneficial effects of metabolic surgery on known CVD risk factors. Other potential mechanisms for the cardiovascular protection conferred by metabolic surgery involve restoration of a normal adipokine secretory profile [8] [9] [10] and a reduction in systemic inflammation, 8, 29 both of which exert direct beneficial effects on the vascular endothelium. [11] [12] [13] Recent evidence suggests that some of the beneficial effects of metabolic surgery occur promptly after surgery, are independent of weight loss, and may involve the enhanced protective function of HDL in addition to increased HDL levels. 31 It is likely that additional study will reveal other mechanisms of cardiovascular protection related to bariatric surgery that are unrelated to weight loss and are a function of altered foregut anatomy. Strengths of this study include the use of a tightly matched control group with a long-term follow-up comparable to the RYGB case group (Kaplan-Meier estimated follow-up at 3, 5, and 8 years was 80%, 72%, and 67%, respectively). Additional strengths include the use of outcomes for specific subtypes of severe CVD and the implementation of multiple Cox regression to support the conclusions of the unadjusted analysis. Finally, the analysis evaluating longitudinal changes in CVD risk factors from pre-to post-follow-up was consistent with the large effect size found with severe composite CVD events and provides some insight into potential mechanisms for this observation.
This study has a few limitations. As with the other longitudinal studies of bariatric surgery, this was a retrospective observational study. While we were unable to adjust for unmeasured factors that potentially differ between the individuals who did and did not undergo surgery (eg, readiness for lifestyle change), we used a control group that was tightly matched to surgical cases on the most likely confounders (eg, smoking status, baseline CVD risk), reducing the impact of confounding on our findings. An additional limitation in this study is that using diagnosis codes for the identification of clinical events may increase the risk of misclassification. Our secondary analysis of CVD risk factors was limited to a subset of eligible patients because of missing postsurgery lipid values. We determined that this subset was older, had more diabetes mellitus, had a higher 10-year CVD risk, and more hypertension medication use as compared with those without available postsurgery lipid values. In sensitivity analysis, the association between RYGB and risk of future CVD was consistent within this subgroup as compared to the overall cohort. It is unclear whether these findings are generalizable across the entire population, but there is no evidence that the mechanisms driving our observed association between surgery and CVD risk would differ between patients included and excluded from this analysis.
The rate of visits per year was slightly higher (6.3 office visits per year) in the control group than in the RYGB case group (4.9 office visits per year). Since visit frequency was associated with greater chance of CVD, this could have led to a detection bias (ie, more visits in control group results in greater chance of finding CVD in control group). However, a sensitivity analysis revealed that adjusting for visit frequency within the multiple Cox model did not change the overall conclusion (the adjusted HR increased from 0.58 to 0.66 but remained significant, P=0.015).
Finally, although a match was found for 71% of the bariatric surgery patients, those without a matched control had different characteristics as compared with those included in this study (Table S1 ). However, the rate of postoperative CVD was not significantly different between the groups. It is unclear whether the differences in patient characteristics impacted the results.
In conclusion, these results support the growing body of evidence that metabolic surgery can improve health, including a substantial reduction in CVD risk factors and major cardiovascular outcomes.
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Supplemental information on changes in CVD risk, lipids, blood pressure, diabetes status, and BMI Changes in CVD risk, cholesterol, HDL, and systolic blood pressure: This secondary analysis was limited to the subset of matched cases/controls with sufficient data to calculate at least one post-surgery Framingham risk score in the respective case and control. This resulted in the inclusion of 894 per group. For this sub-cohort, the Framingham Risk score was calculated for each year post surgery using a window of +/-6 months from each time point (12-months post, 24-months post, 36-months post, 48-months post, and 60-months post). For the 894 RYGB cases, there were a total of 1904 measures (year1 n=512, year 2 n=355, year 3 n=352, year 4 n=330, year 5 n=355). For the 894 controls, there were 2836 measures (year1 n=639, year 2 n=610, year 3 n=564, year 4 n=536, year 5 n=487). The characteristics of this cohort can be found in Table S2 . 
